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 Where in the cell is our cargo? Current methods to study 
intracellular cytosolic localization. 
Alejandro Méndez-Ardoy,[a] Irene Lostalé-Seijo,[a]  Javier Montenegro*[a] 
    
Abstract: The internalization and delivery of active substances into 
cells is a field of growing interest for chemical biology and 
therapeutics. As we move from small-molecule based drugs towards 
bigger cargos, such as antibodies, enzymes, nucleases or nucleic 
acids, the development of efficient delivery systems becomes critical 
for their practical application. Different strategies and synthetic 
carriers have been developed including cationic lipids, gold 
nanoparticles, polymers, cell-penetrating peptides, protein surface 
modification, etc. However, all these methodologies still present 
limitations related to the precise targeting of the different intracellular 
compartments and, in particular, the difficult access to the cellular 
cytosol. Additionally, the precise quantification of the cellular uptake 
of a molecule is not enough to demonstrate delivery and/or 
functional activity. Therefore, methods to determine the cellular 
distribution of cargos and carriers are of critical importance to 
identify the barriers that are blocking the activity. In this mini-review, 
we survey the different techniques that can be currently used to 
track and monitor the subcellular localization of the synthetic 
molecules that we deliver inside cells. 
1. Introduction 
The development of the next generation of therapeutics such as 
proteins, nucleic acids, antibodies or analogues[1–6], has the 
potential to revolutionize chemical biology and medicine. 
However, the transport of these large, hydrophilic, and labile 
biomolecules constitutes a great challenge with respect to 
traditional small-molecule therapies. The activity of these 
biomolecules usually requires that they reach the cytosol or the 
nucleus of the cells to interact with its target. Therefore, these 
molecules have to cross the plasma, the endosomal and, in 
some cases, the nuclear membrane.[3,7] Different delivery 
strategies have been developed, from cationic lipids, to gold 
nanoparticles, including polymers, cell-penetrating peptides, or 
protein surface modification. However, for all these diverse 
materials it is always critical to distinguish between the 
membrane-associated, the endosome-entrapped and the 
cytosolic/nuclear-fractions, as knowing where the compound is 
will allow the identification of the barriers that prevent a 
successful delivery. In this review, we describe different 
strategies to study the subcellular localization of different 
synthetic molecules with particular emphasis on endosomal 
entrapment and cytosolic release. We will comment on standard 
and recent approaches for intracellular pH tracking with focus on 
ratiometric probes. Microscopy techniques will be carefully 
described and we will also include different alternative methods 
that can be used to track and monitor intracellular localization of 
exogenous molecules. 
2. Fluorescence microscopy and 
colocalization probes  
Microscopic examination of the distribution of a fluorescently 
labelled molecule is one of the most direct and visual methods to 
determine the intracellular localization of a compound. However, 
this technique has to be used with caution, as artifacts have led 
to wrong assumptions about the uptake or distribution of 
substances. For instance, for many years it was assumed that 
cell-penetrating peptides entered the cells by directly crossing 
the cell membrane, but that was revealed as a fixation artifact, 
that prompted intracellular redistribution of the membrane 
associated peptides.[8,9] The development of live-cell imaging 
techniques allowed a better understanding of the intracellular 
fate of penetrating peptides and other membrane-impermeable 
molecules. In any case, fluorescence microscopy continues to 
be a powerful tool for intracellular localization studies, as it can 
report with spatio-temporal resolution on the precise position 
and distribution of the internalized probes. 
The choice of the fluorophore is of great importance and should 
be taken with care, as its properties might influence the results 
of the experiment. The pH sensitivity of certain fluorophores, like 
fluorescein, reduces the signal when entrapped in acidic 
compartments and might lead to severe visual underestimation 
of the quantity of compound in the lysosome.[10] On the other 
hand, the self-quenching of fluorophores at high concentrations 
can mask their accumulation, for instance, in the plasma 
membrane. However, this issue can be mitigated by mixing 
different proportions of the labelled and the unlabelled 
compound.[11] Additionally, the fluorescent label might alter the 
behavior of the transported cargo, as it has been observed that 
even for charged and water-soluble fluorophores, strong 
interactions with lipid membranes can occur[12], something that 
for some molecules has been solved by in situ labelling using 
click chemistry.[13] It is also possible that the presence of the 
fluorescent probe triggers, upon irradiation, the generation of 
singlet oxygen species that can strongly disrupt membranes, 
causing photolysis of the endosomes and releasing its contents 
into the cytosol.[14] Additionally, the selection of fluorophores with 
minimal spectral overlap with the probe used for colocalization is 
crucial, as cross-talk (simultaneous excitation of two 
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 fluorophores by the fixed excitation wavelength) and bleed-
through (collection of the emission of one fluorophore in another 
channel) might lead to an overestimation of colocalization.[15] 
Importantly, in the applications concerning molecular probes, the 
signal detected is the emission of the fluorophore, which is not 
an indicator of the cargo structural integrity and/or functionality. 
2.1. Organelle specific probes 
Study of colocalization of fluorescently labelled molecules with 
cellular structures and organelles can be achieved by using 
other small fluorescent probes or protein markers specific of 
intracellular compartments. Many fluorophores for the staining of 
specific organelles have been developed, and many of them can 
be easily obtained from commercial sources, as MitoTracker for 
mitochondria, fluorescently labelled ceramides for Golgi 
apparatus, or ER-tracker to label the endoplasmic reticulum. In 
this paper, we will focus in the distinction between endosomal 
and cytosolic location of macromolecular entities. Readers 
interested in the particular staining of other organelles with the 
wide variety of small molecular probes are redirected to the 
corresponding revisions.[16–21] For the cellular internalization of 
macromolecular entities and nano-asssemblies, the cargo-
carrier complexes are typically taken up by endocytosis. The 
initial stages of this process do not present strong differences in 
their chemical properties that can be used for efficient chemical 
differentiation and to the best of our knowledge there are no 
specific small-molecular probes to label the first stages of the 
endosomal pathway. However, with a strict control of time, some 
cell impermeable fluorophores such as Lucifer Yellow,[22] or 
membrane markers as FM 4-64,[23] have been used to track 
endocytosis. Additionally, several fluorescently labelled proteins 
and polymers, such as dextran, are available to follow their 
internalization pathways. For instance, transferrin is typically 
used to track clathrin-mediated endocytosis and recycling 
endosomes[24] while cholera toxin subunit B has been used for 
caveolin-dependent endocytosis.[24] However, to better identify 
subsets of endosomes, there are several fluorescent proteins 
fused to endosomal markers, such as Rab5 and EEA1 for early 
endosomes, Rab11 for recycling endosomes, or Rab7 for late 
endosomes[25,26] that can be expressed in cells using plasmids or 
viruses. 
After endocytosis, cargos may end up in lysosomes, an acidified 
compartment in which molecules are degraded. This difference 
with cytosolic pH is exploited by several fluorophores for the 
specific labelling of the lysosome, as the compounds are usually 
not charged at neutral pH, and able to diffuse throughout the cell, 
and accumulate in acidic organelles after protonation. Acridine 
orange and other cationic dyes were initially employed with this 
purpose,[27] but better fluorophores with less unspecific staining 
have been developed. LysoTracker dyes are one of the most 
popular lysosomal markers,[21] that have a simple staining 
protocol, in which cells are incubated for 30 min to 2 h with a 
small amount of the fluorophore dissolved in medium. However, 
prolonged incubation with these probes can modify the pH of the 
organelle and a rare event of photoconversion can transiently 
modify the spectral properties of LysoTracker Red DND-99. In 
this case, after irradiation part of the molecule looses 
conjugation and behaves as a green fluorophore.[28] As the 
accumulation of these probes is dependent on acidification, 
these markers are not useful for fixed cells or conditions in which 
the lysosomal pH is compromised. In that cases, it is 
recommended to use either fluorophores that react specifically 
with lysosomal cathepsins[29] or chimeric fluorescent protein 
markers such as LAMP-1-GFP.[30] In addition to colocalization 
studies with lysosomes, the use of Golgi specific probes might 
be of interest to study the possibility of retrograde transport of 
the compounds.[10] 
2.2. Colocalization analysis 
After image acquisition, colocalization analysis should be 
processes with software, such as ImageJ[31] and its plugins 
Coloc2 or JACoP.[15] Colocalization parameters frequently used 
are Pearson’s, or Spearman’s, correlation coefficients (for linear 
and non-linear correlations, respectively) and Mander’s overlap 
coefficients. Pearson’s and Spearman’s coefficients are a 
measure of the correlation between pixel intensities in the two 
channels,[15,32] while Mander’s coefficients quantify the overlap of 
the pixels above the background of one channel to the positive 
pixels in the other channel, regardless their intensity.[15,32] 
Understanding the advantages and limitations of each metric is 
essential for data interpretation.[15,32] 
3. pH sensitive probes  
As introduced for lysosomal markers, different local pH 
environments can be found within different cellular organelles.[33] 
When introduced into cellular environments, protonable 
fluorescent probes can report on local pH variations near the 
particular pKa of the probe. However, unless the protonation 
event is particularly sharp,[34] the accurate intracellular pH 
quantification is hardly achieved through an “on-off” type 
response due to aggregation of the fluorophores. This can be 
avoided by the use of fluorescent probes with different 
absorption or emission wavelengths for the acidic and basic 
forms. The signal can thus be expressed as the ratio of the two 
wavelengths (ratiometric), eliminating the concentration artifacts. 
A widely used example in this sense is benzo[c]xanthene 
derivatives, such as the structures shown in Figure 1a. The large 
differences between the maximum emission wavelength of 
protonated and unprotonated species is well suited to collect the 
fluorescent signal using a fluorescence microscope equipped 
with a suitable filter set-up. Depending on the pH interval of 
interest, one has to carefully select a probe that has a large 
dynamic range in such interval. Therefore, cytosol pH variations 
could be measured with unfluorinated benzo[c]xanthene (pKa ~ 
7.5) while fluorinated[35,36] analogues would be more 
appropriated for endosomal maturation processes (pKa ~ 6.4). 
Nowadays a variety of ratiometric probes are commercially 
available (i.e. SNARF®-4F 5-(and-6)-carboxylic acid in Figure 
1a) and new examples are reported continuously.[37] Traditional 
molecular fluorescent probes suffer of several disadvantages,   
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Figure 1. Selected examples of fluorescent sensors for ratiometric intracellular pH measurements. Typical emission wavelengths and pKa or pH working range 
are indicated below: a) Acid-base equilibrium of the archetypical ratiometric probe SNARF (fluorinated and unfluorinated).[36] b) Rhodamine(red moiety)-coumarine 
(green moiety) hybrid for lysosomal monitoring; c) Asymmetric rhodamine-inspired probes with tunable pKa; d) Example of AIEgen designed for broad pH 
ratiometric measurements in cells. Red and blue moieties denote cyanine and AIEgen moieties respectively; e) Benzimidazole-naphtalene conjugate used in two-
photon spectroscopy; f) Example of a classical cyanine probe. 
including photobleaching or aggregation quenching. More 
importantly, low tissue penetration strongly hinders the desired 
tracking of tissues rather than cell monolayers. Therefore, there 
is a strong interest in the development of molecular or 
nanoparticle-based pH probes.[38] We will here highlight some 
recent examples of molecular probes to shine light into celular 
pH alterations, such as the increase of lysosome pH during a 
heat shock,[39] the lysosomal acidification during autophagy, and 
the apoptosis happening after a viral infection.[40] 
3.1. Rhodamine-based probes 
Rhodamines have some excellent properties as fluorescent 
probes, but they don’t show pH dependence at biological 
relevant pH values. Several groups have tried to develop pH-
sensitive rhodamines and Han and co-workers[40] have recently 
reported the integration of rhodamine and coumarine dyes for 
lysosomal pH tracking (Figure 1b). The ratiometric response is 
achieved through acid-mediated intramolecular lactame opening 
and coumarin fluorescence insensitivity. Lysosomal localization 
was demonstrated in experiments in HeLa cells expressing 
Lamp2-GFP showing the overlap of GFP and 
rhodamine/coumarin signal. Asymmetric rhodamines have been 
modified by the inclusion of a piperazine ring with different 
substituents to tune the pKa, the quantum yield and the 
wavelength to biologically relevant pH ranges (pKa 5.5 to 6.7). 
Oxygen to phosphorous substitution in the xanthane ring 
allowed in vivo imaging by shifting the fluorescence emission to 
the near infrared for both protonated and unprotonated species 
(Figure 1c).[41] 
3.2. New induced emissive probes and in vivo probes 
Self-quenching probes suffer from undesired reduction of signal 
to noise ratio. However, the new aggregation-induced emission 
(AIE) probes[33] have allowed the development of interference 
free sensors that can precisely report on pH variations. The 
coupling of a cyanine dye (Figure 1d, red moiety) to an AIEgen 
tetraphenylethylene (Figure 1d, blue moiety)[43] allowed the 
intracellular pH tracking along a pH range of 5.0-7.4 by showing 
the acid and basic cellular micro-environments in red and blue 
fluorescent emission respectively. Although several aggregation 
induced emission probes can be found in the literature,[44–47] their 
“in cellulo” implementation still remains a challenge. For 
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 example, they can interact with lipids which results in changes of 
their physicochemical properties.[43,47] The emergence of two-
photon microscopy[48] and new near infrared (NIR) fluorescent 
probes have triggered new opportunities to study molecular 
behavior inside living cells and tissues.[49] A recent example 
exploits the protonation of the imidazole moiety (pKa between 
4.9-6.1) of a 2-aminonaphthalene-benzimidazole scaffold to turn 
this molecule into suitable lysosomal pH tracking probe (Figure 
1e).[50] By using this probe, two-photon microscopy (740-750 nm 
excitation) was used to monitor 90-180 µm depth tissue of rat 
fresh hippocampus, revealing differences in the pH distribution 
along the hippocampal circuit. To address higher pH values, the 
π-conjugation of naphtol scaffolds can be increased by 
conjugation to a benzothiazolyl moiety or using benzochromene-
2-one derivatives. The later was be further functionalized with a 
triphenyl phosphonium salt in order to target mitochondria.[51] 
Alternatively, in vivo tracking of intracellular pH can also be 
achieved by using near infrared properties of cyanine scaffolds 
(a classical example is shown in Figure 1f). In this example, the 
chemical tailoring controls the photophysical properties and the 
ratiometric reading, which are optimized by minimizing the 
cross-talk between emission bands.[52] 
3.3. pH sensitive probes and cytosolic location 
The labelling of the cargo with pH sensitive probes can be used 
to detect their accumulation into the acidic compartments of the 
cells (i.e. endosomes and lysosomes) or their presence in the 
cytosol (pH ~7.4). For instance, estimations of endosomal 
escape efficiency can be obtained by comparing the 
fluorescence of a compound labelled with a pH insensitive probe, 
as rhodamine, to the signal obtained with a naphthofluorescein 
label, which presents a pKa of 7.8, and it is only fluorescent at 
cytosolic pH.[53] In other cases, the goal is to obtain an 
estimation of the pH value in the environment of the particle, by 
using ratiometric probes. Before the final measurements in the 
cells, a pH calibration curve in intracelullar environment is 
required by incubating cells with buffers at various pH plus a 
proton ionophore such as nigericin. This has been used to study 
the fate of DNA-polyplexes, labelled with SNARF-4F[54] or with 
Cy5 and fluorescein,[55] and the cytosolic release of polymeric 
micelles labelled with 7-hydroxycoumarin and 
tetramethylrhodamine[56]. Using a similar strategy, endosomal 
escape rates for non-viral vehicles labelled with Oregon Green 
and pHrodo were calculated by fitting the average pH at several 
time points to a first-order mass action kinetic mathematical 
model of cellular trafficking.[57]  
4. Disulfide self-immolative strategies 
The precise tracking and quantification of the cytosolic release 
of synthetic molecules could be challenging due to difficult 
fluorescence signal identification and differentiation inside the 
different cellular compartments (i.e. cytosol versus endosome). 
Therefore, it is a crucial task to identify orthogonal chemical 
intracellular environments that can generate a readout signal for 
probe activation and/or modulation. In this regard, the high 
concentration of glutathione (1-10 mM) in the cytosol of 
eukaryotic cells generates a reductive environment that can be 
exploited to trigger a response in redox-sensitive probes. 
Disulfide bonds are thus efficiently reduced in the cytosol 
splitting a dynamic molecular assembly into its individual 
components (Figure 2a). In a pioneering work, Langel and 
coworkers employed a quencher/dye couple to easily quantify 
the kinetics of the cytosolic release of a penetrating peptide 
vehicle.[58] In this elegant strategy the disulfide was employed to 
connect a random peptide sequence (LKANL) -with no 
translocation capabilities- bearing a fluorophore (marker) as 
model cargo and a penetrating peptide vehicle bearing the 
corresponding quencher (Figure 2c). Beyond redox sensitive 
conjugation and release,[59,60] Wender and co-workers have also 
proposed a very creative solution to quantify in real-time the 
uptake and cytosolic release of an enzyme substrate cargo.[52-53] 
This strategy builds on the inhibition of luciferin self-immolative 
linker (i.e. carbonates[61] and carbamates[62,63]) that degrade after 
disulfide reduction removing the extra pendant group and 
releasing intact luciferin (Figure 2b). This strategy relies in the 
conjugation of luciferin phenol to a cell penetrating peptide via a 
reactive chloroformate group that includes a redox sensitive 
disulfide function. The resulting carbonate was relatively stable 
in aqueous buffer but after disulfide reduction the nucleophilic 
attack of the newly formed thiol to the carbonyl of the carbonate 
released intact luciferin and the corresponding cyclic S-
thiocarbonates. This approach ensured the cytosolic signal 
generation by two layers of control: 1) restricted release of 
luciferin at the cytosol reductive environment and 2) cytosolic 
confinement of the luciferase enzyme.[61] This new conceptual 
strategy paved the way to new therapeutic[64] and theranostics 
strategies as exemplified by camptothecin linked to a piperazine-
rodol fluorophore by disulfide self-immolative linkers. This 
strategy allowed simultaneous cytotoxicity dose response 
treatment and cellular uptake visualization both in cellular 
studies and in mice models.[65] Hyperbranched pro-drugs 
amphiphilies tethered with Gd complex were self-assembled into 
monomolecular micelles to protect the hydrophobic pro-drug 
(camptothecin) to exposure to the extracellular medium that 
could potentially promote degradation of the carbonate or 
carbamate groups. The disulfide degradation caused a 
hydrophobic-hydrophilic transition of the micelles, which 
triggered the release of the camptothecin and the increase of the 
magnetic resonance contrast.[66] 
Disulfide-based methodologies have been confirmed as 
excellent assays to precisely track cytosolic release and avoid 
non-desired noise interference. However, the complexity of the 
cell environment would sometimes require a careful inspection 
for reliable quantification, as multiple factors such as potential 
disulfide exchange or the different reducing potential of different 
cell lines might affect these measurements in a significant 
degree.[58,67,68] Interestingly, disulfide self-immolative linkers can 
be used to obtain quantitative kinetic information of cellular 
internalization of vectors of interest, such as cell penetrating 
peptides.[68] On the other hand, when monitoring more complex 
processes such as cell penetration in complex living organisms, 
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Figure 2. Disulfide self-immolative strategies. a) Scheme of disulfide reduction in the presence of intracellular glutathione concentration in the cytosol; insert 
shows degradation of carbonate and carbamate linkers triggered by nucleophilic attack of the free thiol; b) Chemiluminescent platform composed of a luciferin-
octaarginine hybrid bridged through a self-immolative linker for real time visualization of cellular uptake, where n = 1,2 or 3;[61] c) Reduction triggered activation of 
a fluorophore connected with a cell penetrating peptide that bears a fluorescence quencher. The model cargo is constituted by a marker (model fluorophore 2-
aminobenzoic acid) and a random peptide sequence LKANL.[58] 
the circulation time of disulfides can also be affected by 
extracellular reductive components such as free protein 
cysteines. To improve this limitation for in vivo delivery 
applications, the steric protection of the disulfide bond has been 
explored. Constrained disulfides were obtained by the 
modification of the cysteines of engineered antibodies with thiol-
bearing drugs. These conjugates can be targeted to particular 
cells and after internalization and antibody degradation, the 
enhanced accessibility to the disulfide bonds improved drug 




5. Strategies based in protein activity or 
protein interactions 
Organelle fluorescent markers and pH-tracking probes can 
provide useful insights on intracellular localization. However, 
demonstration of functional activity constitutes the final proof to 
unambiguously demonstrate that a particular compound has 
reached its targeted intracellular destination. Ideally, the activity 
of the final cargo should be directly measured and quantified as 
an increasing time-resolved signal. For nucleic acids, the 
expression or silencing of a reporter gene facilitates functional 
activity validation. However, for the optimization and localization 
of delivered proteins this is not always the case, as signal 
detection can be expensive, time consuming and not suitable for 
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 high-throughput screening or routine tests. Therefore, several 
assays have been devised to establish if a protein or a synthetic 
cargo has reached the cytosol. Providing the right controls and 
calibration curves are done, some of these protocols allow 
quantitative or semi-quantitative estimations of endosomal 
escape.[70–78] 
Although simple fluorescent microscopy analysis should be 
supported with other quantification techniques, it can be useful 
for the visual tracking and the qualitative assessment of the 
cytosolic distribution of a protein cargo (Figure 3a). However, to 
be reliable in this assignment, the distribution of the cytosolic 
protein has to be clearly different from the membrane associated 
or the endosomal entrapped signals. To this purpose, it is 
necessary to use proteins with defined intracellular localizations. 
This can be achieved by exploiting the intrinsic protein affinity to 
subcellular structures (i.e. antibodies). Alternatively, proteins can 
also be modified with targeting tags to redirect them to a new 
particular intracellular localization (i.e. nucleus), which can only 
be reached if the protein is delivered at the cytosol of the cell. 
Some examples include fluorescent proteins or peptides bearing 
a NLS for nuclear accumulation,[79,80] antibodies specific for 
cytoskeletal proteins[80,81] or the nuclear membrane[81] and other 
recognisable structures[82]. Accumulation in the nucleoli of some 
cationic CPPs and their proteins conjugates[83] have also been 
used as an indicative of endosomal release. Additionally, 
endosomal leakage can be studied by the use of labelled 
polymers, such as dextran, or membrane-impermeable dyes 
such as calcein.[82,84] 
5.1. Enzymatic or functional activity 
Demonstration of enzymatic activity constitutes a better proof of 
the delivery of an intact functional protein cargo. Luciferase 
fused to CPPs[85] or bacterial β-galactosidase[80] have been 
traditionally used. However, in these examples there is not a 
clear distinction between the activity of the cytosolic and the 
endosomal-entrapped proteins. To solve this limitation, proteins 
that are only active when released into the cytosol or proteins 
exclusively expressed in the cytosol that give rise to a 
measurable signal after reacting with the delivered cargo can be 
used. One of them is Cre recombinase from bacteriophage P1, 
which mediates DNA recombination between two loxP sites.[86] 
In mammalian genomes the recombination sequences are 
absent, allowing the introduction of reporter constructs that 
conditionally express a fluorescent protein or other reporter gene 
upon the delivery of the Cre recombinase (Figure 3b).[86] This 
method has been used to measure protein delivery using 
supercharged proteins,[87] lipids,[88,89] CPPs,[73,82] or 
osmocytosis.[90] A chimeric protein of this recombinase fused to 
an antibody crystallizable fragment (Fc-Cre), was also explored 
to test the efficiency of antibody delivery.[91] 
The bacterial biotin ligase BirA,[92] which specifically biotinylates 
a short peptide sequence (GLNDIFEAQKIEWHE) can be used 
to track citosol protein delivery by two different methods. On one 
hand, the BirA protein can be delivered into cells that express 
another protein, confined in the cytosol, and bearing the 
corresponding acceptor peptide.[73] On the other hand, the 
protein of interest or the carrier can be equipped with the 
acceptor peptide, which will be biotinylated by a constitutively 
expressed cytosolic BirA.[93] In both cases, cellular lysis and 
Western blotting with streptavidin are required for the detection 
of the biotinylated proteins. 
Deubiquitinases are nucleocytoplasmic enzymes that are able to 
cleave the peptide bond between ubiquitin and other proteins.[94] 
The reduction of protein size after deubiquitination can be used 
in this enzymatic assay for the study of the cytosolic delivery of 
ubiquitin-tagged proteins fused to CPPs,[95] zinc-finger 
domains,[85] or supercharged proteins.[87] 
Cytosolic enzymes can also be used to activate fluorogenic 
labels. The overexpression of bacterial β-galactosidase in the 
cell cytosol has been explored to unmask the fluorescence 
emission of fluorescein di-β-D-galactopyranoside, in which the 
fluorophore is quenched by the glycosilation of both hydroxyl 
groups of the xanthene core. However, to avoid non-specific 
lysosomal activation and reduce signal background, it is 
necessary to further modify the cell line by knocking-down (by 
overexpression of a shRNA) an endogenous lysosomal 
galactosidase.[75]  
Another option is the use of toxins or proapoptotic proteins that 
induce cell death when reaching the cytosol, like Caspase 3,[96] 
cytochrome C,[97] or the plant toxin saporin.[82] These toxins enter 
the cell by an endocytic mechanism but cannot leave efficiently 
the endosome. As long as they stay in the endosome the cell 
metabolizes them and they do not show any toxic activity. 
However, upon incubation with a carrier able to release the 
intact proteins into the cytosol the viability of the cells will be 
reduced. By measuring the toxicity in the presence and absence 
of the carrier, one can compare the efficiency on protein 
cytosolic release. Controls to account for the toxicity of the 
carrier itself must also be performed in these experiments. 
5.2. Protein Complementation 
Protein complementation is another method to track for protein 
delivery in the cell cytosol. In bimolecular fluorescence 
complementation (BiFC) a fluorescent protein is split in two non-
fluorescent fragments. Therefore, the protein will only recover its 
fluorescence after the intracellular association of the fragments 
(Figure 3c).[98] One of the most interesting version of split 
proteins divides GFP in a 10 strands protein and 1 oligopeptide 
(16 amino acids) as the complementation partner.[99] This 
technique was applied to confirm cytosol delivery of cell-
penetrating peptides,[76] protein-CPP fusions,[77] or antibodies 
into cells.[70,100] In the latter case, to enhance GFP reconstitution, 
the antibody-oligopeptide partner and the non-fluorescent GFP1-
10 can be fused to streptavidin binding peptide (SBP2) and 
streptavidin, respectively.[70] 
5.3. Steroid Receptors 
Another set of methods is based on the response of steroid 
receptors. Upon binding to their ligands, these receptors 
undergo several conformational changes that trigger their 
translocation to the cell nucleus. The estrogen receptor can be 
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 expressed in the cell cytosol fused to a cytosolic version of Cre 
recombinase. The delivered molecule (i.e. small peptide) has to 
be tagged with the corresponding molecular ligand (tamoxifen or 
4-hydroxycyclofen). Therefore, when the ligand-tagged molecule 
reaches the cytosol, it triggers the Cre nuclear translocation and 
thus recombines the reporter sequence.[101] A second different 
method is based in the glucocorticoid receptor (GR) and its 
ligand dexamethasone. Two different assays have been devised, 
named GIGI (glucocorticoid induced eGFP induction) and GIGT 
(glucocorticoid induced eGFP translocation) (Figure 3d).[78] In 
the GIGI assay, the ligand-binding domain of the GR is fused to 
a Gal4 DNA binding domain and VP16 transactivation domain. 
The Gal4 DNA binding domain allows the recognition of a DNA 
promoter sequence, while the VP16 transactivation domain 
recruits transcription factors necessary for RNA pol II activity 
and transcription. After binding to the dexamethasone, the 
chimeric protein accumulates into the nucleus and activates the 
expression of genes under the control of a Gal4 responsive 
promoter, typically GFP[78]or luciferase.[102] Alternatively, in the 
GIGT assay, the ligand-binding domain of the glucocorticoid 
receptor is fused to the green fluorescent protein. After 
dexamethasone binding, the nuclear accumulation of the 
fluorescent chimera can be measured from microscopy images 
of living cells using image analysis software as CellProfiler and 
expressed as a translocation ratio (nuclear over cytosolic 
fluorescence).[6,78,103,104] Interestingly, the possibility of 
performing these nuclear translocation experiments in the 
presence of some endocytic inhibitors can be applied to assign 
 
 
Figure 3. Protein-based methods for the study of endosomal escape. a) Redistribution of proteins with defined cellular locations. b) Expression of a reporter gene 
after Cre recombinase delivery. An example of a construct is shown below. Cre recombinase removes a sequence between the promoter (P) and the reporter 
gene (GFP) that blocked translation of the latter. c) Bimolecular fluorescence complementation (BiFC). Cells express an incomplete GFP protein, which 
fluorescence is reconstituted after the missing fragment, fused to other protein or peptide, reaches the cytosol. d) Glucocorticoid induced GFP translocation 
(GIGT) assay. GR-GFP fusion protein is in the cytosol until it binds dexamethasone, used as a tag in the molecule of interest, which prompts NLS exposure and 
nuclear accumulation. This is quantified by measuring GFP intensity of the nucleus and the surrounding cytosolic area (red circle). e) Chloroalkane penetration 
assay (CAPA) uses cells expressing HaloTag. Blocking HaloTag active site with a chloroalkane tag attached to the molecule of interest (top, blue) prevents the 
attachment of a fluorescent ligand (bottom, red), and the reduction of fluorescence is proportional to the endosomal release of the compound. 
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 and to compare the relative rates and mechanisms of 
endosomal escape of a particular molecular carrier.[6,78,103,104] 
5.4. Protein tagging 
CAPA (ChloroAlkane Penetration Assay) is based on the 
chloroalkane and haloenzyme (HaloTag) protein labelling 
system (Figure 3e).[71,72] In this assay, the molecule of interest is 
labelled with a chloroalkane that can bind covalently to the 
active site of the enzyme, and incubated with a cell line that 
expresses the haloenzyme in the cytosol. The free amount of 
haloenzyme is then quantified by adding a cell permeable 
chloroalkane labelled fluorophore. The reduction of fluorescence 
compared with the control experiments of untreated cells is 
measured with a flow cytometer and it is proportional to the 
amount of cytosolic compound.[71,72] 
6. Others 
Although not easily accessible to all the chemical-biology groups 
interested in cell delivery, the recently developed state-of-the-art 
microscopy techniques are able to image fluorescent probes in 
living cells at a resolution in the range of tens of nanometers.[105] 
This can be achieved by a range of techniques that have 
emerged in the last 20 years, such as stimulated emission 
depletion microscopy (STED) or stochastic optical reconstruction 
microscopy (STORM).[105] Improvements of spatial resolution 
can be achieved by minimal modification of commercial 
equipment by using DNA-origami technologies.[106] Combined 
with the development of specific probes, exceptional resolution 
of cell organelles in both fixed and live cells can be achieved[107] 
and provide highly detailed information of localization and 
dynamic patterns for processes such as signal triggering.[108] 
This unprecedented high resolution allows to study in higher 
detail the cellular distribution of common delivery systems, such 
as nanoparticles, both in bulk[109,110] or after cell translocation. 
For example, agglomeration of silica nanoparticles in A549 cells 
has been studied by STED microscopy.[111] Remarkably, 
quantitative information about aggregate sizes could be obtained, 
revealing different aggregate size distribution as function of the 
incubation time. STED suitable probes can be used as cargos 
for selective visualization of organelles. In this sense, ruthenium 
polypyridyl complexes have been conjugated with targeted and 
non-targeted peptide sequences (nuclear localizing sequences, 
endoplasmic reticulum directing sequences, or non-targeted 
octaarginine sequences), thus allowing high resolution imaging 
of the endoplasmatic reticulum and the cell nucleus.[112] 
 
 Another technique for high resolution studies is correlative light 
and electron microscopy (CLEM),[113] in which samples of live 
cells are examined by fluorescence microscopy and then 
processed for electron microscopy[113] The development of the 
technique and related equipment has provided the possibility of 
acquiring both images almost simultaneously in a new 
generation of integrated CLEM microscopes. This excellent 
combination of techniques allows the study of the environment 
of the region of interest of the fluorescent label with an 
unprecedented high-resolution. Dense nanoparticles, the 
oxidation of diaminobenzidine by enzymes, or singlet-oxygen 
generated by some fluorophores and fluorescent proteins before 
osmium staining can be used to help in the alignment of the 
images.[113] This technique, has been used to characterize the 
membrane-ruffling observed by arginine rich peptides at the 
surface of the cell during the endocytic uptake.[23] Other 
specialized microscopy techniques that can be used to image 
gold nanoparticles include imaging methods such as SERS, 
photothermal microscopy, SNOM,[114] hyperspectral[115] and dark 
field microscopy.[116] These methods allow, in some cases, the 
distinction between free and vesicle-entrapped nanoparticles.[116] 
There are other strategies for the study of distribution of 
compounds after incubation with cells. For instance, a method to 
follow the fate of cell-penetrating peptides relies on the 
modification of the non-internalized peptide with diazotized 2-
nitroaniline, which allows the quantification of the internalized, 
membrane associated and degraded peptide by HPLC.[117] 
Protocols of subcellular fractionation, in which extracts 
containing cytosolic, vesicular or nuclear fractions of cells can be 
obtained with a careful selection of lysis buffers and 
centrifugation steps, have also been used for the study of the 
subcellular distribution of peptides,[118,119] or peptide-protein 
conjugates.[73,120] However, these two strategies cannot be 
applied in live cells and, especially the fractionation protocols, 
are time consuming and hard to implement for screening 
purposes. 
7. Conclusions and outlook 
As shown in this paper, chemists and biochemists interested in 
understanding the delivery processes can currently apply a 
broad toolbox for the study of the intracellular localization of 
molecules. In particular, demonstrating cytosolic delivery of 
cargos is of great interest for the development of next generation 
of therapeutics (nucleic acids, proteins, antibodies, etc.). 
However, each reporting technique has its pitfalls that should be 
carefully considered. The choice of the best method of analysis 
will depend on the particular application and technology 
available. Co-localization with fluorescent markers can be 
employed to distinguish the presence of molecules in the 
lysosome and other organelles. However, the precise tracking of 
early endosome could be more challenging and endosomal 
proteins and pH sensitive probes are required to differentiate the 
different stages of the endocytic pathway. The disulfide bond 
coupled to self-immolative linkers has been proven an excellent 
and orthogonal strategy to study the cytosol delivery of different 
molecules. However, one should keep in mind that it requires 
chemical modifications on the cargo and it can be sensitive to 
extracellular thiols. Microscopic analysis has significantly 
advanced in the last years with the appearance of spinning-disk 
confocal suitable for long-term live imaging, novel super-
resolution techniques and better fluorescent probes. However, 
the fluorophore and its intrinsic properties (quantum yield, 
photobleaching, pKa, etc.) continue to be the major limitation in 
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 all these techniques. Additionally, the development of pH 
sensitive probes that can be excited in the near infrared opens 
the possibility of studying pH variations in tissues or in vivo. 
Other techniques relying on the delivery of an active cargo or the 
attachment of a tag sometimes present the problem of tag 
interference or the requirement of special cells for the analysis, 
which would require the preparation of modified cell lines for 
each cell type. Additionally, model proteins present strong 
differences in structure and stability and demonstrating delivery 
of the resistant saporin, does not guarantee that the delivery of 
other labile proteins, such as Caspase 3, will work. It is therefore 
critical that chemists and biochemists will continue the work 
towards new creative solutions for optimized fluorescent probes, 
sensitive chemical motifs and new protein based strategies that 
can be employed to report on different intracellular localizations. 
Furthermore, the intrinsic interdisciplinary nature of the field, 
compulsory requires the joint efforts from chemistry and biology 
to identify different chemical and biological signals that can be 
exploited to improve spatiotemporal and orthogonal responses 
of the next generation of probes and methodologies.  
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Delivery of active substances into 
the cytosol face several barriers. 
Methods for the study of subcellular 
location are essential to understand 
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improve their characteristics. A 
summary of the strategies that can 
be used to confirm cytosolic delivery 
and subcellular localization is 
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